Background: Atopic dermatitis (AD) appears to be more common in regions with hard domestic water and in children with a fall/winter birth. However, it is unknown whether a synergistic effect exists. Objective: We sought to evaluate the association between domestic water hardness and season of birth, respectively, with onset of AD within the first 18 months of life in a large Danish birth cohort. Methods: Of children from the Danish National Birth Cohort, 52,950 were included. History of physician-diagnosed AD and population characteristics were obtained from interviews. Birth data were obtained from the Civil Registration System, and domestic water hardness data were obtained from the Geological Survey of Denmark and Greenland. The relative prevalence (RP) of AD was calculated by using log-linear binomial regression. Results: The prevalence of AD was 15.0% (7,942/52,950). The RP of AD was 5% (RP trend , 1.05; 95% CI, 1.03-1.07) higher for each 58 increase in domestic water hardness (range, 6.60-35.90 
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Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin condition characterized by xerotic and pruritic skin, as well as dermatitis in typical anatomic sites. The etiopathogenesis of AD is incompletely understood, but both primary skin barrier abnormality and immune dysregulation can result in downstream pathogenic events. 1 In support of the pertinent role of a competent skin barrier against the development of AD, loss-of-function mutations in the filaggrin gene (FLG) have been identified as the hitherto strongest genetic risk factor for AD and, in particular, for early-onset AD. 2 Moreover, skin barrier impairment in newborns appears to predict onset of AD at 1 year of age, 3 and pilot studies have shown that barrier restoration with emollients in newborns reduces the risk of AD. [4] [5] [6] In addition to genetic factors, exogenous skin stressors can compromise skin barrier function and increase the risk of AD. For example, climatic conditions, such as low ambient humidity, low temperature, and a reduction in UV irradiation, negatively affect the skin barrier and increase the risk of AD. [7] [8] [9] Accordingly, a significantly higher prevalence of AD has been found in children born in the fall and winter and in children living in parts of the United States with such climatic conditions. 7, [10] [11] [12] [13] In Denmark the average temperature during winter is 1.68C, the ambient humidity is low, and there are few hours of daylight. The summer climate is mild (average temperature, 16.48C), with slightly higher ambient humidity and longer sunny days.
Water is a known skin irritant, 14 and so-called hard water, which is characterized by a high calcium carbonate content, might particularly impair skin barrier functions. 15 Accordingly, some, but not all, epidemiologic studies have found a higher prevalence of AD in regions with hard domestic water when compared with regions with soft water. [16] [17] [18] [19] [20] Notably, a recent study from the United Kingdom (UK) showed an association between domestic water hardness and AD in 3-month-old infants, 21 whereas most other studies have been conducted in older children. The domestic water hardness varies greatly around the world. The mineral content of drinking water in Asia is generally low (between 2 and 80 mg/L), whereas in the United States, the UK, and also Australia, the domestic water hardness ranges from soft (0-60 mg/L) to very hard (> _181 mg/L). 22 Large and solid epidemiologic studies are needed to further investigate the association between domestic water hardness and AD and particularly studies that examine the effect on infant AD. Therefore we used the uniquely wide range of domestic water hardness in Denmark to evaluate the possible association with AD within the first 18 months of life in a large nationwide birth cohort. We also examined whether a synergistic effect of both being exposed to hard domestic water and having a fall/winter birth exists in a country with relatively cold winters. Finally, we calculated the population attributable risk of AD in children exposed to hard domestic water.
METHODS

Danish National Birth Cohort study
The Danish National Birth Cohort study (DNBC) is an ongoing study with the aim to investigate how exposures over the life course, including early life, affect health and disease susceptibility later in life (www.dnbc. dk). 23 Between 1996 and 2002, the DNBC study enrolled pregnant women from all of Denmark, who then were invited to participate in telephone interviews in the 12th and 30th weeks of their pregnancies and when offspring were aged 6 and 18 months. 24 The women were recruited by their general practitioner at the first pregnancy visit around weeks 6 to 12. In total, the study enrolled 100,329 pregnancies by 91,326 women, resulting in 96,838 liveborn children; 70,296 completed the interview at 6 months and 66,764 completed the interview at 18 months of age. As part of the study, information about residence at birth, including municipality code, and date of birth was obtained from the Civil Registration System for all liveborn children. 25 
Study population
The study population consisted of 55,092 liveborn singleton children in the DNBC whose mothers completed the interview at 6 and 18 months of age with information on AD (outcome of interest). We excluded children with missing information on maternal socio-occupational class and history of AD based on the first interview, respectively (1,973 mothers did not participate in the interview, and 169 had missing information); the remaining 52,950 (96%) children had complete information on outcome, exposures, and covariates and were thus eligible for inclusion in the study.
Exposures
Domestic water hardness. In Denmark the range between soft and hard domestic water, which is extracted from ground reservoirs, is relatively large when compared with that in other nations. This is explained by a unique geology, which is visualized as the north-south line (''the main stationary line''), where the last ice age glacier stopped on its way from the northeast. Thus very soft ground water from quartz sand reservoirs is found in the western parts of Denmark, whereas the ground water is very hard in the eastern parts because of thick layers of glacial till with calcium (Fig 1) . 26 Information about domestic water hardness in Denmark was obtained from the Geological Survey of Denmark and Greenland (GEUS; www.geus.dk). The GEUS is a governmental institution that performs and coordinates measurements of all ground water wells used for domestic water in Denmark. Domestic water hardness was measured in German degrees of hardness (8dH) and provided as a mean value (2 decimals) for all the waterworks within each municipality (18dH 5 17.85 mg/L). The cutoff points were provided by the GEUS and historically been chosen after advice from their senior hydrogeologist. Using the municipality code as key, we identified the mean hardness of the domestic water used in the municipality where each child in the cohort was born.
Time of birth
Time of birth (month and season) was derived from the birth date obtained from the Civil Registration System in Denmark.
Outcome
A diagnosis of AD was based on a positive response to the question ''Has a doctor ever told you that your child has atopic dermatitis?,'' which appeared in the last 2 interviews (child aged 6 and 18 months). If the answer was confirmative in one of these interviews, the child was registered as having AD.
Covariates
Covariates chosen to describe the study population were sex, history of maternal AD, type of municipality, maternal socio-occupational class, and age at the last interview with information on AD. A history of maternal AD was assessed in the interview at pregnancy week 12, during which the mothers were asked the following: ''Have you ever had a skin disease?'' If the answer was confirmative, mothers were asked the following: ''Which skin diseases have you had?'' Danish municipalities have previously been divided into 4 categories according to the degree of rurality (ie, urban, intermediate, rural, and remote. Indicators included, amongst others, the following: inhabitants per square kilometer, distance to the nearest highway, age composition of inhabitants, educational level, economy, and the importance of agriculture. 27 Maternal socio-occupational class was based on the mother's current or most recent occupation, as well as type of education, and was then divided into 5 categories accordingly: long higher education or leaders in large companies, middle-long higher education or leaders in small companies, short higher education/vocational education or undereducation, unskilled/other work or unemployment benefits, and supported by the state. The child's age at the last interview was calculated from the date of interview and birth.
Statistical analyses
The association between the prevalence of AD, domestic water hardness, and season of birth was evaluated by the relative prevalence (RP) estimated with log-linear binomial regression in PROC GENMOD in SAS software, version 9.4 (SAS Institute, Cary, NC). The trend estimate for domestic water hardness was estimated by treating water hardness as a continuous variable. For time of birth, the RP for AD was calculated by 4 seasons, with spring as the reference.
RPs were presented as crude estimates; however, in multivariable analyses we also adjusted for covariates, as categorized in Table I . The interaction between water hardness and season of birth was tested by including a multiplicative interaction term. RPs stratified by age at onset and P values for heterogeneity (P het ) were estimated with log-linear polytomous regression by using PROC NLMIXED in SAS software. The population attributable risk was calculated as follows:
where P is the proportion of children with AD exposed to hard water (> _188dH). P values were based on likelihood ratio tests, and 95% CIs were based on Wald statistics.
RESULTS
The children were born in all of Denmark's 98 municipalities. The range of water hardness in the birth cohort was 6.608dH to
The overall prevalence of AD within the first 18 months of life was 15.0% (7,942/52,950 children), with more cases among boys than girls (16.8% vs 13.1%, P <.0001). The prevalence of AD was higher in children born in urban municipalities (P < .0002) and by mothers with a high socio-occupational class (P < .0001) or a history of AD (P < .0001, Table I ).
Hard domestic water was associated with increased prevalence of AD Fig 2 shows the prevalence of AD within the first 18 months of life according to domestic water hardness in the municipality where the child was born. The RP of AD increased 5% each time the domestic water hardness increased 58dH (89 mg/L; RP trend, 1.05; 95% CI, 1.03-1.07). Table II shows the RP of AD according to domestic water hardness. The prevalence of AD was 17.1% among children born in municipalities supplied with the hardest domestic water (> _308dH [535 mg/L]), whereas it was 13.5% with the softest domestic water (48dH < _ 88dH [71 < _ 143 mg/L]). Similarly, the RP for AD was significantly increased for the hardest domestic water (RP, 1.13; 95% CI, 1.01-1.28) and decreased for the softest domestic water (RP, 0.89; 95% CI, 0.80-0.99) when compared with the medium domestic water hardness in Denmark (128dH < _ 188dH [214 < _ 321 mg/L]). Adjustment for possible covariates did not change the estimates materially (data not shown). The population attributable risk percentage was 2% if the proportion of children with AD exposed to hard water was 25%, and RP was 1.08 (95% CI, 1.03-1.13) for hard versus soft water, as categorized in Table II . In a subanalysis stratified by age at onset, we compared the RP of AD within the first 6 months of life (AD <6m ) with the RP of AD onset between 6 and 18 months of age (AD 6-18m ) according to domestic water hardness and found similar results (P het 5 .71, see Table E1 in this article's Online Repository at www.jacionline.org).
Season of birth affected the prevalence of AD for AD <6m than AD 6-18m (P het < .0001, see Table E1 ). Adjustment for possible covariates did not change the estimates (data not shown).
No additional effect of domestic water hardness and season of birth in combination
There was no significant statistical interaction between domestic water hardness and season of birth on the risk of AD (P 5 .75). Similarly, no statistical interaction was found for AD <6m (P 5 .38) or AD 6-18m (P 5 .64). Thus when we investigated the combination of season of birth with domestic water hardness (soft/hard), the RPs of AD according to season of birth were similar among children born in municipalities with soft and hard water (Table II) .
DISCUSSION
Main findings
In this large prospective birth cohort study, the RP of AD within the first 18 months of life was highest in children who lived in regions with hard domestic water, with the risk of AD increasing by 5% for each 58dH (89 mg/L) increase in domestic water hardness. The population attributable risk of hard domestic water (> _188dH [> _321 mg/L]) for AD was found to be 2%, suggesting that if the domestic water hardness in Denmark was reduced to 188dH or less (< _321 mg/L), 2% of AD cases within the first 18 months of life could theoretically be prevented. In comparison, the population attributable risk of loss-of-function mutations in FLG is 11% to 13%. 28, 29 Although fall and winter births were significantly associated with a higher RP of AD, there was no synergistic effect of being exposed both to hard domestic water and a fall/winter birth. In subanalyses stratified by age at onset, a stronger association between AD and a fall or winter birth was found for AD <6m than for AD 6-18m . For domestic water hardness, the estimates remained the same at all time points.
Interpretation
The exact negative etiologic role of high domestic water hardness on skin barrier impairment and AD remains unclear. A high calcium carbonate content results in a higher pH that, at least in theory, might prematurely activate skin proteases and initiate cutaneous inflammation. 30 Furthermore, hard water likely leads to increased use of irritant soap and detergent because the production of lather is compromised. 31 Water hardness might also affect cutaneous growth of microorganisms, thereby affecting the risk of AD. Thus in an experimental study on hairless mice, bacterial skin colonization with Staphylococcus aureus was lower in mice treated with ultrapure soft water than in those treated with regular city water. 32 Studies from Japan have shown that children with mild-to-moderate eczema 33 and women with mild eczema 34 had symptom relief and improved skin barrier function and hydration after 4 to 6 weeks of bathing in ultrapure soft water. Another study showed that washing the forearm with detergents in hard domestic water led to a significant increase in xerosis and erythema compared with washing in soft water. 15 However, a large study from England found no effect on eczema severity or use of topical treatment in children with moderate-to-severe AD after 12 weeks of water softening. 35 Thus far, no study has evaluated the putative preventive effect of water softening.
Our results are in line with those of previous studies, supporting that exposure to hard domestic water in early life is a risk factor for AD. [16] [17] [18] [19] 21 Importantly, we studied infants as opposed to most of the previous studies, which examined older children. [16] [17] [18] [19] The neonatal skin barrier is not fully developed in the first year of life, and exposure to exogenous skin stressors is likely to have a strong negative effect in this window of time. 36 Compared with our results, the most recent study from the UK found a higher prevalence of AD at 3 months of age (24.3%) and also a higher risk of AD in children living in regions with domestic water with a high content of calcium carbonate and chlorine (crude OR for high CaCO 3 /high total Cl, 1.66; 95% CI, 1.16-2.38). 21 The differences in prevalence and risk estimates between the UK and our study could be due to differences in study design. In the study by Perkin et al, the AD diagnosis was based on clinical examination and a UK diagnostic criteria-based photographic protocol adapted for infants. 37 Our large study population did not allow for clinical examinations, and the AD diagnosis was based on a history of physician-diagnosed AD. Finally, a recently published study from Spain found no association between domestic water hardness and the prevalence of AD in 1,638 children at 14 months or 4 years of age. 20 However, the range of water hardness was relatively low compared with that of our study, ranging from 51.6 to 272.8 mg/L (2.98dH-15.38dH).
Children born in the fall and winter in Denmark will spend the first months of their life in a dry and cold climate. Climatic conditions can negatively affect the skin barrier function and can cause xerosis, pruritus, and dermatitis. 8 During winter in countries far from the equator, not only is the skin exposed to low ambient humidity and low temperature but also there is a prolonged deprivation of barrier-improving UV irradiation. 9 The skin becomes xerotic, in part because of reduced expression of profilaggrin and reduced amino acid content in the stratum corneum 38, 39 but also because of a decrease in lipid levels. 40 Moreover, there is increased synthesis and release of the proinflammatory cytokine IL-1a, as well as a higher number of granulating dermal mast cells. 8, 41 In turn, the skin loses its normal extensibility and becomes more susceptible to mechanical stress, and ultimately, dermatitis can develop. [42] [43] [44] Low temperature not only reduces skin hydration and the amount of lamellar bodies and lipids but also impairs the recovery rate after skin barrier disruption. 8 In line with these observations and previous epidemiologic studies, we showed that fall and winter births were significantly associated with AD. [10] [11] [12] [13] Subanalyses stratified by age at onset showed that the RPs of AD for children born in the fall or winter were higher for AD <6m than for AD 6-18m . For domestic water hardness, the estimates were not affected by age at onset. The observed difference could be explained by the type of exposure, and hence hard domestic water is constant while seasons change. Our data suggest that neonatal winter climate exposure might increase the risk of AD in early childhood. Interestingly, the immune response in the airways is more resilient in infants born in the summer, a question that has not yet been examined in the skin, and children born in the spring are less likely to have persistent AD at 18 years of age, possibly because of epigenetic effects. 45, 46 We hypothesized that being exposed both to hard domestic water and a fall/winter birth would have a synergistic effect on the risk of AD within the first 18 months of life. In theory, the possible deterioration in skin barrier function caused by the negative effect of environmental factors could render children born during the fall and winter even more susceptible to an additional skin stressor. However, this could not be confirmed in interaction analyses, and no synergistic effect was found.
Strengths and limitations
The main strength of this study was access to a nationwide, large prospective birth cohort limiting the risk of bias. The design and statistical power of our study made it possible to examine dose-response effects in a close to general population. Furthermore, because ground water is almost the only source of drinking (and bathing) water in Denmark, strict regulations and surveillance by the GEUS provide unique and detailed data on water quality, limiting misclassification. The wide range from very soft to very hard domestic water is also unique and provided us an opportunity to better investigate the possible effect of hard water. Thus the domestic water hardness ranged from 6.608dH to 35.908dH (118-641 mg/L), which is wide compared with values in published studies. [16] [17] [18] [19] We did not have information about new addresses of participants after birth and thus a potential change in domestic water hardness exposure. However, such bias would underestimate the observed effects. In Denmark the hardest water is found in the eastern parts of the country and around the capital of Copenhagen. In some studies AD has been associated with urban residence, and therefore it might be argued that the observed effect of domestic water hardness on AD prevalence is explained by urban-rural differences and not water hardness. 47, 48 However, in our fully adjusted model with dose-response effects, in which type of municipality was also included, the significant association did not change.
An important limitation of the study is that the AD diagnosis was parent reported and that information regarding precise debut and severity of the disease was not available. The 2 exposures in our study, season of birth and water hardness, were not selfreported; however, the latter can be misclassified after and if a subject moved within the first 18 months after birth. Regarding the definition of AD, we did not use validated criteria, such as the UK Working Party's criteria, 49 but rather an affirmative answer to the question ''Has a doctor ever told you that your child had atopic dermatitis?''; this leaves potential for nondifferential misclassification. Nonetheless, the prevalence of AD in our study population (15.0%) is in accordance with that in previous studies, 50 and a recent study from the United States found that caregiver-reported history of eczema (diagnosed by doctor or other health professional) has a high sensitivity (0.83; 95% CI, 0.72-0.95), specificity (0.89; 95% CI, 0.82-0.96), and positive predictive value (0.81; 95% CI, 0.70-0.93) when compared with a doctor's clinical assessment. 51 The misclassification of water hardness and AD diagnosis is not likely to be related and, as such, is not likely to introduce bias. We did not have access to data regarding ethnic background, but the Danish population is predominantly of Danish descent. In 2002, 7.7% of Danes were immigrants or descendants of immigrants, and 5.4% were from ''non-Western'' countries (http://www.statbank.dk/statbank5a/ default.asp?w51920).
In conclusion, in this large nationwide birth cohort study, we showed a dose-response relationship between domestic water hardness and the risk of AD within the first 18 months of life. Although children born in the fall and winter had an increased RP of AD, both being exposed to hard domestic water and having a fall/winter birth did not have a synergistic effect on the risk estimates. Our findings emphasize that early skin stressors in children can increase the risk of AD and suggest that children born in the fall and winter in Nordic countries, as well as in regions with hard domestic water, at least in theory could benefit from preventive skin barrier restoration with emollients.
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Clinical implications: Exposure to hard domestic water or a fall/ winter birth increases the risk of infant AD. Clinical studies are needed to investigate the possible preventive effect of water softening. For German degrees of hardness, 18dH 5 17.85 mg/L. *Onset of AD within the first 6 months of life (reported by caregiver at interview when the child was 6 months old).
Onset of AD between 6 and 18 months of age (reported by caregiver at interview when the child was 18 months old).
